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The past two years in many ways have been the most important period in the 30 year long
research effort to develop the II-VI semiconductors for application to photonic devices. Despite
significantly larger efforts world wide than those in the US, the first operational semiconductor
diode lasers were demonstrated in the summer of 1991 independently by two US groups, one at
3M and the other a team effort shared by Purdue and Brown Universities. The Purdue project has
been funded partially by AFOSR. AFOSR has especially promoted the close collaboration of the
MBE and TEM groups at Purdue. As a result of this close collaboration, the structures for lasing
and LED (as well as display device) operation were realized with the lowest defect concentrations
ever reported for II-VI structures grown on GaAs. The unprecedented reduction of the dislocation
levels achieved in the optical su'uctures resulted from an iterative process whereby the results of a
specific growth scheme was evaluated by TEM (often within 2 or 3 days after growth), such that
the growth cozuld be modified (by steps discussed by both MBE and TEM participants) in response
to the TEM analysis. Further, the AFOSR funded interface studies have led to our appreciation of
the electrical and microstructural considerations obtaining at II-VI/ Il-V heterovalent interfaces. It
is significant that while 3M has been unable, to utilize structures grown on p-GaAs substrates
where holes are injected into the ZnSe-based layers from the substrate; the Purdue/Brown group
has had equal succe:.s with substrates of both doping types.

The details of the overall grant research activity for the first two years are described in the
previous Annual Reports for this grant, and in the numerous publications listed in this final report.
In addition, some key publications/preprints of the past year are appended. In sections A and B
below we have presented some highlights of the past year, while part C includes a three-year
overview of the specific effort involving transmission electron microscopy.

A. Recent device developments involving blue laser diodes and LEDs

Since the reporting of the first prototype devices, the field has moved rapidly in the further
development of both laser diodes and LED display devices. In particular, CW operation has been
obtained at 77K as well as pulsed operation at room temperature using a Zn(S,Se)-based device
configuration emitting in the blue (490 rnm at room temperature). Laser power output per facet for
such devices can exceed 300 mW in a pulsed mode, and threshold current densities are below

200A/cm- 2 . The Brown/Purdue laser device data is for laser diodes employing charge injection
from both n and p-GaAs substrates. In addition to diode lasers, efficient LED devices as well as
flat panel display devices were fabricated. The blue LEDs provide power outputs in excess of
100gW while exhibiting external quantum efficiencies of 0.1% at room temperature. By
employing coated facets, the room temperature laser diode operation is associated with a current
threshold which has been reduced from our previously reported 1600A/cm2 to a value of
1000A/cm 2 , which is quite a respectable number, and one similar to Ill-V laser diode performance.
The challenge is to achieve room temperature operation in the CW mode. The problem has been
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device failure due to excessive heating, primarily arising from poor contacts to p-ZnSe. One of our
most important contributions of the grant period relates to the issue of ohmic contacts to p-ZnSe
and is discussed below.

B. The first ohmic contacts to p-ZnSe.
The difficulty in fabrication of low resistance ohmic contacts to the p-ZnSe layers has been a

potential obstacle to the technological success of LEDs and diode lasers. At present, the usual
method for contacting p-ZnSe is the deposition of gold to form a Schottky contact having a
relatively low barrier.

We have recently reported that the approach used here for the p-doping of Zn(S,Se) by
nitrogen, can also be used to obtain the most effective p-doping yet reported for the MBE gv.wth
of ZnTe [9]. Free hole concentrations approaching 1019cm"3 were obtained. At the same time
good crystalline quality, as revealed by x-ray rocking curves and photoluminescence
measurements, was maintained. The observation that gold forms a low resistance contact to
nitrogen doped ZnTe epilayers, suggests the use of heavily p-doped ZnTe as an intermediate layer
for contacting p-ZnSe. However, if one examines the expected energy band lineup at a p-ZnTe/p-
ZnSe interface, it is seen that the valence band offset (-1eV) between ZnTe and ZnSe forms a
barrier to hole injection in the form of a valence band "spike". A means for removing the energy
spike in the valence band is to introduce a Zn(SeTe) layer having a graded bandgap. We have
designed and grown a multilayer structure, consisting of 17 cells, each of 20 A thickness, to
implement such a graded structure. In each cell both the thicknesses of ZnTe and ZnSe layers are
varied to approximate a graded region. The first cell next to the p-ZnSe epilayer contained 18 A of
p-ZnSe and 2 A of p-ZnTe [10], the next cell 17 A of p-ZnSe and 3 A of p-ZnTe, and so on. The
proposed contacting scheme was evaluated by means of I-V characterization, a transmission-line
model (TLM) measurement of specific contact resistance, and by employing the graded contact in
actual laser diodes and LED devices. The specific contact resistance of the Au/p-ZnTe/graded
layer/p-ZnSe contact was determined by a standard TLM measurement. The specific contact

resistance was determined to be approximately 4x10 3 f0.cm 2. (A similar technique was applied to
the Au/p-ZnTe contacts yielding a value of about lxI 0 3 Q.cm 2.) The specific contact resistance
of the graded contact was in the range (10-2-10-5 Q0cm 2) which is usually considered acceptable
for large contact area devices such as LEDs and laser diodes.

In order to demonstrate their robust character, the graded Zn(Te,Se) graded contact structure
was employed in Zn(S,Se)-based LED and laser device strctures. The LED forward conduction
was be seen to appear at 3-4 V at 77K. At the threshold of the current turn-on, immediate visual
evidence of LED action was observed, and the output level exceeded 100 jiW at 4 V. For these
devices, the efficiency of the LED was reduced by absorption in the top 2000 A thick ZnTe layer.
We specifically mention the LED performance only at 77K since our earlier work has shown that at
this temperature the recombination process is dominated by the radiative recombination (6]. (This
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LED, as in the case of our previously reported LEDs, has satisfactory performance at room
temperature under dc operation, but now has a much lower operating voltage.) The point is that
the turn-on voltage for forward conduction results in a current which actually represents the
injection of electron-hole pairs into the QWs for radiative recombination. In the absence of the
correspondence between the onset of current flow and the appearance of optical emission, the
possibility always exists that an apparently low turn-on voltage could be due to a spurious
conduction mechanism which is influenced by defects in the pn-junction devices. For the laser
diode with a graded contact, the forward bias voltage for lasing was reduced to 15-17V (from
-30'1). These lasers have been thus far operated at temperatures in excess of 250K. The current
thrust of the diode laser effort is to achieve room temperature operation under continuous bias, and
with long life.

C. Specific Summary of the TEM Program
During the year from 1989 to 1990, the TEM program has been focused on interfacial

atomic structures of l1-VI/III-V compound heterostructures and related systems. The main results
were obtained from the studies of ZnSe/GaAs, CdTe/lnSb and Ga2Se3/GaAs interfaces.

The change of the atomic structure of the ZnSe/GaAs interface with the surface
stoichiometry of GaAs was suggested by our C-V measurements of interface state densities of the
MIS structures. The first direct evidence for such a structure was obtained by TEM observations
of a series of ZnSe/GaAs interfaces. For the study, three different types of ZnSe/GaAs epilayer-
epilayer heterostructures were grown by selecting the surface stoichiometry of GaAs epilayers
using a modular MBE system. The first heterostructure was grown on an As-rich surface which
exhibited a c(4x4) reconstruction, the second heterostructure grown on a surface whose As
coverage was intermediate and exhibited at (4x6) reconstruction, and the third heterostructure
grown on an As-deficient surface which exhibited a (4x3) reconstruction. A set of 200 dark field
images were taken from cross-sectional samples of the three heterostructures under the identical
imaging condition. A clear trend was found from these images where a more distinct bright line
appears at the ZnSe/GaAs interface as the GaAs surface becomes increasingly As-deficient.
Through the analysis of dark field images taken with different reflections, the bright line was
identified as an interfacial compound layer having a structure identical to that of Ga2Se3. Ga2Se3
is known to crystallize in a zincblende structure with one third of Ga sites being vacancies.
Reported thermodynamic data such as the heat of atomization of Ga2Se3 show that this compound
is a highly stable phase compared to other compounds which may form at the ZnSe/GaAs
interface, supporting the results of our TEM study.

We have obtained similar results from the TEM observation of the CdTe/InSb epitaxial
interface which is another combination of closely lattice matched I1-VI and rn-V compounds.
Earlier studies by Raman spectroscopy suggested the existence of In2Te3 at the CdTe/InSb
interface. Similarly to Ga2Se3, In2Te3 forms a zincblende type structure having vacancies in the
In sublattice. Results of the TEM studies of the ZnSe/GaAs and CdTe/lnSb systems suggest that
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the formation of a III-VI interfacial compound layer may commonly occur at a variety of Il-VI/UI-
V compound systems.

During the course of the research on ZnSe/GaAs interfaces, we have found highly
developed vacancy ordering at a Ga2Se3/GaAs epitaxial interface. The study of this interfacial
vacancy ordering is expected to deepen our understanding of the nature of chemical bonds at H-
VI/Ill-V compound interfaces, as the existence of m2VI3 compounds at II-VI/Ul-V compound
interfaces was confirmed in our recent study.

Distinct superstructure reflection rods resulting from the interfacial ordered structure are
observed in cross-sectional electron diffraction patterns. These superstructure reflection rods
appear as weak spots in plan-view electron diffraction patterns, the locations of which correspond
to the c(2x2) superstructure. Direct images of the interfacial ordered structure were obtained in
cross-sectional HRTEM images as a periodic arrangement of bright spots along the Ga 2Se3/GaAs
interface with a period of 5.65 A. A structure model of the interfacial ordered struc:jrt was
derived by the analysis of diffraction patterns and HRTEM images. In the model, half of the sites
of the interfacial Ga plane are left as vacancies, forming a c(2x2) ordered arrangement.

During the years from 1990 to 1992, the main effort of the TEM program was directed to
microstructural analyses of ZnSe based LED and laser structures. Numerous structures having
different layer configurations have been examined by TEM. The results of these analyses have
been used for optimizing the structures and growth conditions in the MBE program. The main
finding in the TEM studies of these structures is the importance of the use of closely lattice matched
substrates/buffers for the growth of wide-gap II-VI compound structures. This need is
compounded by the fact that these compounds are considerably softer than III-V and elemental
semiconductors, being highly susceptible to the formation and multiplication of lattice defects.
Once lattice defects have formed at an interface due to a lattice mismatch, they easily thread into the
11-VI compound layers and are difficult to be eliminated or terminated, compared to those in Ir-V
and elemental semiconductors.

One group of structures studied extensively by TEM are ZnSe/ZnCdSe based LEDs grown
on InxGaI.xAs buffer layers which were intended to serve as closely lattice matching substrates.
Both cross-sectional and plan-view TEM observations showed that InGa I _xAs buffer layers
having very low dislocation densities (104 - 10 cm2 ) were obtained by growing on GaAs
substrates. Significant degrees of tetragonal distortions of the buffer layer crystals which resulted
from the partial relaxation of lattice mismatches were found by the X-ray diffraction and TEM
observations. ZnSe/ZnCdSe LED structures having high structural quality with dislocation
densities in the lower range of 106 cm-2 were obtained by using In0.045Ga0. 9 55As buffers the
in-plane lattice spacings of which were slightly smaller than that of ZnSe.

In the more recent work, we have examined ZnSel_xSx laser structures grown directly on
GaAs layers. The sulfur contents in the structures were controlled to be close to that which gives
lattice matching with GaAs. TEM images as well as FWHM of X-ray rocking curves showed that
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these structures have extremely high structural quality, approaching that of dislocation-free perfect
crystals. Only in plan-view samples were we able to find lattice defects, the densities of which
were in the range of 105 cm-2 . To our knowledge, these are the lowest defect densities obtained to
date in wide-gap Il-VI compound layers. A number of laser structures consisting of ZnSelI1xSx
buffer and cap layers and ZnSe active layers have been analyzed. In all those samples, defect
densities in ZnSel.xSx layers were found to be lower than those in the ZnSe layers by one order
of magnitude. This observation suggests that the addition of sulfur atoms to a ZnSe crystal
increases the hardness of the crystal, and hence, makes the formation of dislocations more difficult
than in the binary crystal, similarly to the case of the addition of In atoms to a GaAs crystal, which
implies the possibility of a new approach for reduction of defect densities in wide-gap 1I-VI
compound structures.
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A graded band gap ohmic contact to p-ZnSe
Y. Fan. J. Han. L He, J Saraie " andAR L GurtShor

MA Hagerott. H_ Jeon. and A V. Nurmikko
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We describe a lox -resistance quasiohmnk contac~t top-ZnScx. hic:h inxohes the: injmnton of hole:,

fronthacti doped ZnTe into ZnSe Zni &LTe) p'.eudogradod band gap region. h .pecn1
cnatrLSim.tance is measured ito be in the. rance of 2-8 10- Q cm- The graded

heterostructure scheme is incorporated as an efficient inject:or ot holes, for laser diode and light
emitting diode deN icLes. dernonstraling the usefulness of this nevý contact scheme at actual de% ice
current densitios.

The successful p-ty pe dopinic ot thc v, ide hand gap In thi, letter \\( c describe a quasiohmic contact to
]l-\-1 material ZnSe. together' \xith the discoxer\ of 17-ZniL- xx hich mx oM>e the injmnton of holfes from heav. ih
quantum-\\ell structures, suitable for stron2 Llect~ron and doped ZzxTt into ZnS.. \ia a pseudograded band gap re-
hole confinement at and above: room temrperaturc.' ha' en- gion. A particular ditlixulrx in realizing the band structurc
abled the recent realization of blue and blue green laber shoxxn in Fig. 1(b) b\ MBE growth is controlling the Te

0 -
diode_. `-, Howexer'. the difficult\ in the fabrication of lo)A - fraction in the graded allox region due to the competition
resistance ohnmic contacts to the p-ZnSc layers is still an betw.een Tc and Se speicis on the growth surface. To cir-
obstacl to be overcome before such dcx ices, can reach cum\ rH th...- problem. %he haxe designed and gro\.\n a mul-

otechnological maturit\ - At present. the most commonth tila~t ..r iuclTure. consisting of I- ceillk each of 20 A thick-
used method for contacuringp-ZztSc tn\xolxes the depcysition ties,, In each cell, both the thtckne~xsr_ of ZnTe and ZnSv

1of gold which forms a relatix cl loxx Schottk\ barrier con- l~e'acxre.a hx nFcI oapcxmt
(act., no suitable metal ha% inc a uIcem'hibwr ue raded regzion The first cell next to the p-ZnSe epilay er
tion has been found contained IS~ A Of )-ZnlSC and 2Aof p-ZnTe." the next

We haxe recentl\ reported that the same approach cell I A of iy-ZnSL and 3 A of ip-ZnTc. and so, on.
;awhich has been found effocnxe for the p)-doping of The- propctsed contacting scheme xwas evaluatied b\

- Zn( S.Se) b\ nitrogen. can be used to implement the most mean, of /-I' characrcriuation. a transmission-line model
effective p-doping achiex-ed for the molecular beam epi Ltam~
(MBE) growth of ZnTei Free-hole! concentration,, ap-
proaching 1019 CM -3 were easilh obtained (the highest re-
ported to date). while good crystalline qualitN . as revealed

w by x-ray rocking curves and photoluminescence measure-
ments. was maintained. Our studies showed that goldiforms a loxm -res istance contact o ni.trogen-doped ZnTc ep-

-~ilayers. which natuall kea us to consider the use of
heavi~ly p-doped ZnTe as an intermediate layer for contact-
ing p-ZnSe. Figure I1(a) shows the expected energý band
lineup a epZ~ interface, where it is seen that the
valence band offset ( -I eV) between ZnTe and ZriSc
forms a barrier to hole injection. A possible solution for
removing the energy spike in the valence band is to intro-
duce a Zn(SeTe) layer having a graded band gap. as
shown in Fig. 1(b). A similar contact scheme, but employ -
ing a Agraded (In,Ga) As region, was employed by Woodall
ei al. Ato form an ohmic contact between a metal-InAs p

junction and n-GaAs. It is interesting to note that the lat-
tice constant mismatch is very similar between the binar\
compounds at the physical extremes in both the Il1-\A and
Ill-V examples.

FIG I. Schemnatic d..agniti of the energy band lineup at the i8 p-ZniTe
p-ZnSe interface and the (b) p-ZnTc. p-Znt Se.Te) graded tayei'p-ZsiSe

Oni leavc from Kyoto Instit ut of Technology. Matsugai~aki. Kyoto 606. (c) Schematic drawing of the structure of the pseudograded Zn(5c.Tet
Japan contact laver
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HP-414€ p:•r•me•er analyz{.-r at r,•m} lemFx.,rat•rt, i.•. Au 2"•, •,•c.
graded In.', er p-ZnSe, v.•th the m•e• shc• •ng lht" !-1" charaeterlstK v. hcr•" permo,:,I region of the ZnS• ) I• Figure 2(c) sho•'s the 1-I."
the •.ohage range h;,t.,, a 50 mV s,:,•l¢ m•xtmum , hi ,Au p-7,nSc and, <• chal'aClerlSliC when p-ZnTe is used to reject holes into the
Au p-Zn•;• ;,-ZnS¢ Z•Se epila} cr in the absence of the graded region For the

structure of both Figs. 2(a) and 2(c). the ZnTe:N had a
(TLM) measuremen• of specili•: comact r•is•ancc, an0 bx hole concentration of. x 10" cm- •, as determined b} Hall
employing the graded contact in laser ditxlt.-, and LEI• measurements. The deviation from ohmic behavior for the

devices. Techniques for the MBE grovth and fabrication of structure of Fig. 2(C) is attributed to the hole barrier aris-
laser diodes and LEDs have been prcviousl• re- ing from the valence band offsc• bet'o,.e,:n the •o semicon.
ported:5'•'•LI2 the details of ZnTe:N gro•h are described ductor,,.
in a separate report.L• Figure 3 shows the I-I' characterisucs at 300 and ":'7, K

The contacts ,,,,'ere first evaluatoJ in a configuration from a structure identical •t) that of Fir. 2(a). but •ith the
designed for Hall measurements, as one obiecli\'c was to conlac• size reduced l• 5i• #m in diameler and with currem
obtain contacts suitable for the evatumion of the free-hole densitie, of up to 50L• A cm-•: some deviation from lmearit•
concentration in ZnSe:N epitaxial film.,,. The nomina!l3 4. is seen. We ha',e observ• that a Au p.ZnTe contact with
ram-square samples had 0.8-ram-diameter contact pads in an ar•a roughl} tvice that of the 50 #m dot also •hibits a
each of the four corner.,,. Three diflercm contactin• deviation from linearit• Moreover. as it is shownin Fir. 1,
schem•, consistin• of Au, p-ZnSc. Au p-ZnTeip.ZnSc, the discontinuous nature of the grading plus the difference
and Au p-ZnTe p-Z•(ScTe).'p-ZnS• were e•aluated. Tht, in doping levels beraeen p-ZnSe and p-ZnTe layers are
p-ZnSe was a nominalh 2-p.m-thick nitrogen-doped epi- expected to cause a small effective energy barrier to holes.
layer grown on an undoped semi-insulatinc GaAs substrate which contribut• to the slight de•-iation from linearir,.
and had a hole concentration of 3.2 >: l0•' cm-3, The 1-I" Hov.ever. it is seen that the graded contact remains

characteristics, measured bet•,een pairs of coplanar con- pseudo-ohmic at the lower temperature.
tact pads for the three contact configurations, are com- The specific conrad resistance of the Aup-ZnTe
pared in Fig. 2. The hole concentration and the mobility of graded la•er, p.ZnSe contact was daermined by a standard
14 cm2'Vs were easily determined from a conventional TLM measurement)• An Ar ion beam mill was employed

Hall measurement al room temperature when carried out to isolate the TLM contact mesas down to the semi.
using contacts formed by the graded layer. The ZnTe:N insulating GaAs substrates. The Zn(SeTe) graded laver
layer and the Zn(Se, Te) layer were etched down to the between the Au electrodes (50 x 95 •tm2) ,,as also re-

Z, nSe:N layer everywhere except for the four Au contact moved using the same milling technique. The specific con-
areas in the configuration. As seen in Fig. 2(a), the graded tact resistance was determined to be in the range of 2--8
contact appears to be perfectly ohmic, showing a straight x 10-3 fl cm-•. (A similar technique was applied to the
line through the origin. The inset shows that the I-V char- Au/p.ZnTe contacts, yielding a value of abom 1 × I0-3
acteristics maintain the same slope even at a few mV from fl cm2.) The specific contact resistance of the graded con.
the origin; the slope is maintained to the maximum test tact was in the range ( 10-L10-• flcm:) usually consid-

voltage of 100 V. Figure 2(b) shows the characteristics of ered acceptable for the contact area associated with LED
the contact formed by gold deposited onto an as-grown and laser diode devices.|6 One might well o•pect an im-

ZnSe:N epilaye, r. The I-V characteristic corresponds to provement in performance as the grcta'th is modified to
two back-to-I•ack Schottk3, diodes; the observed turn on more closely approach a continuous alloy grading and as
voltage is the reverse bias breakdown voltage. Increasing doping levels are increased.
the dophag level is •tpected to reduce the "turn.on" volt- The Zn(SSe)-based LED and laser device structur•
age of the contact. (Recently, the 3M group has observed i•corporated three (ZnCxl)Se quantum wells (QW) of 75
that the turn-on voltage of the Au/ZnSe contact can be A thickness separated by 100-A-thick Zn(SSe). In these
decreased by reducing the growth temperature of the up- structures, we did not attempt the optimization of the op-

2 &Pt• Phys Letl, VoL 61, No. 26, 28 December 1992 Fin el e!. 2
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V). Even with the nonoiptimal design. these lasers have
been operated at temperatures in excess of 200 K.

In conclusion, we have implemented ZnSe-basied het-
erostructures where the electrical contact to p-type ZnSe
ha.% been substantially facilitated by the insertion of a
p-Zn( ScTe) pseudograded structure. The nearly ohmic
characteristics of this contact scheme have been demon-
strated tI)gether with their use Jn both blue,/groen light

lip emitting diodes and diode laser:-
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Blue and blue/green laser diodes and LED-based display devices

7 W. Xie ", D.C. Chillo ", M. Kobayshi L Gu'jnshor 0, H. Jean b, j. Ding b.
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* 4 We descrilb t performance of pa Junction MOW diodee lasc and LED which wae gr- w on both p-e and o-type GOs
vbstrates. Efforts to miniminm dislocations by lattice matching the li-Vl region to the GaAs substrate in some ces resulted in
obtaining dislocatio densities below I01 am-2. We have oxained PulMd high power, hi quatum efficiency laser emis.. u to
room temperature conditions, and continuous operation at liquid nitroMen temperatures. Efficient LED and diplWay devices operate
in the blue (490-494 nm) at m temperature.

1. Introduction match is the existence of arrays of misfit disloca-
tions at the two interfaces between these materi-

Although early attempts to incorporate nitro- als. The several device configuratiorn' described
gen by molecular beam epitaxy (MBE) were un- in this paper were designed to eliminate/
successful in obtaining p-type conductivity [1,2], minimize dislocations in the active I1-VI regions.
recently Park et al. [31 and Ohkawa et al. [4], have
obtained practical doping levels in MBE-grown
ZnSe using a nitrogen plasma source made by 2. MBE gvrwth of device structes
Oxford Applied Research. Doping levels ranging
from the mid 10i7 cm-3 to low 1018 cM- 3, have Two different device configurations are de.
led to the realization of pn junction light emitting scribed. The ZnSe-based structures have ZnSe/
devices operating in the blue and blue/green (Zn,Cd)Se multiple quantum wells (MQWs) sand-
portion of the spectrum, such as the pulsed lasers wiched within a ZnSe p-n homiojunction, while

_-reported in the summer of 1991 by 3M [5] and the Ztc(S,Se)-based structures consist of
"*O JP•a4ý Brown ap(Purdue [6,71, and more recently by the Zn(SSe)/(ZnCd)Se MQWs placed in a Zn(SSe)( group at Matsushita [8). One of the first device p-n homojunction. The samples were grown in

, f configurations to exhibit lasing contains one or an MBE system equipped with separate growth
more (Zn,Cd)Se quantum wells imbedded within chambers for the 11-VI and Ill-V epilayer
a ZnSe homojunction; the ZnSe is in turn growth. For the ZnSe-based laser and LED struc-
bounded by Zn(S,Se) "cladding" regions. Lasing tures, a 4 #Lm thick (In,Ga)As buffer layer was

hiosý, in such configurations(ý been reported by 3M, grown at a substrate temperature of 52*C. For
Brown jad" Purdue and, most recently, Mat- the structures incorporating Zn(S,Se) layers, a 1.5
sushita. A difficulty with this structure is the ;m GaAs buffer layer was grown. The III-V
inherent lattice parameter mismatch between the buffer layers were transferred to the Il-VI growth
Zn(SSe) and ZnSe layers; the result of the mis- chamber under ultra high vacuum; the I1-VI

structures were nucleated at temperatures of
240-245"C. The Zn, Se, and Cd source materials

) 'Pemmant addreL: CCtba Univesty, Otft 291, Japan. were supplied by Osaka Asahi; the ZnS material
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J .g0,.- S' "- ... " IMPORTANT ""-:
S"• • r' /'-• V 1. Please correct the proofs carefully; the resporisibility

L.'\A3• " " •"for detecting errors resu with the author.

S.- \2. Restrict corrections to instances in which the proof
__ "_ Is at variance with the manuscript

, A . .. .3. Recheck all reference data



"2 W. Xx v aL Ohm and blue /grow km dodo. wd LEWbd duip•ay aa4..

was provided by Sumitomo Electric. Chlorine was were found to be in the lower range of 10' an-ý.
the n-type dopant [9-11i ZnCl 2 was used as the It is expected that the dislocation density could

\source o CL The flux ratios were all measured be reduced by further tuning of the In fraction.
using a water cooled quartz crystal monitor placed It is significant that the confinement-enhanced
at the substrate position. exciton binding energy in these structures is ap-

proximately 40 meV, a value demonstrated to be
sufficient to prevent dissociation from pbonon ' '

3. ZnSe-msed strctures interactions at temperatures above room temper-
ature [13,14). When operated as LEDIs we meas-

The II-VI portion of the struct~d/ consisted ure an external quantum efficiency of 10-1 at
-> of a p(or n)-ZnSe buffer layer (k 14m), up to 6 room temperature, despite the structures not hav-

periods of a MOW structure consisting of 100 A ing been optimized for reduction of total internal
ZnSe barriers and 60 A Zn1 _5 CdSe (x - 0.2) reflection losses.
wells, and an n(or p)-ZnSe top layer (0.5 Om). The devices grown on p-Ill-V buffer layers

Both (400) and (511) X-ray diffraction peaks are observed to exhibit considerable lateral con-
were obtained, and used to evaluate the tetrago- duction (151 and as a result require a mesa config-
nal distortion of the (In,Ga)As buffer layer. It uration for laser structures made from these sam-
was determined that the In5 Ga_,-,As buffer lay- pies. The laser devices consisted of 600 ,m to I
ers were tetragonally distorted, since the lattice mm long cleaved resonator structures having 20-
mismatch strain was only partially relaxed by mis- 40 Am wide stripe electrodes at the top. Indium
"fit dislocations even though the thickness of the was evaporated as the uontact for those struc-
buffer layers was far greater than the predicted tures having an n÷-ZnSe top layer, gold was used
critical thickness. The c/a ratios were found to to contact the devices having p-type top layers.
be approximately 1.001 [121. The interfaces be- Laser emission was obtained under pulsed ex-
tween the InGa,1-As buffer layers with 4.3% In citation, and for structures grown on both n- and
and the adjacent ZnSe were found to be nearly p-type substrates.
free from arrays of misfit dislocations. The lattice At T- 77 K, external differential quantum
matching was obtained with a higher Tb content efficiency as high as 50% (both facets) has been
than that expected from the lattice parameters of obtained. The non-ohmic contacts contributed to
bulk crystals, a result consistent with the X-ray typical turn-on voltages of 30-35 V applied across
diffraction data. the devices at laser threshold. Especially from the

TEM images revealed very low defect densities mesa devices, many transverse modes could be
in the (In,Ga)As buffer layers. In cross-sectional seen in the far field pattern. We also note that
images, segments of threading dislocations were the laser emission occurs spectrally within the

- found only in the regions close to the interface n - I HH exciton line and hence indicates that an
with GaAs. With plan-view imaging, no disloca- excitonic component to laser action is present.
tions could be found in the upper parts of the
buffer layers, suggesting that dislocation densities
in those parts are in the range of 10' Cm- 2 or ,\4. ZnSSe based structures
lower. Highly developed networks of misfit dislo- -S

-cations were observed at the In0Ga ._As/Gaffi - For the Zn(S,Se) based structures the I1-VI
interfaces. Most of the misfit dislocations were portion consisted of a p,-Zn(S,Se) buffer layer (2
"found to have propagated towards the GaAs side jrm), 6 periods of a MQW structure consisting of
rather than the (ln,Ga)As side, implying a rela- 100 A Zn(S,Se) barriers and 75 A (Zn,Cd)Se
tive difficulty for dislocations to grow in (InGa)As wells, and an n-Zn(SSe) cap layer (1.5 jsm).
crystals. The dislocation densities estimated from (Cited dimensions are nominal.)
TEM images of the il-VI portion of the struc- Both cross-sectional and plan-view TEM im-
tures grown on _InoMSGao9S7As buffer layers ages were taken. For some film growths no dislo-

-- .
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cations could be found in cross-sectional samples; ISO .....
plan-view imaging was employed in order to eval- UT77
uate the dislocation densities in those structures. 120'_

The images show the Zn(S,Se)/GaAs interfaces E
to be free from misfit dislocations; some misfit sooo If2
(but no threading) dislocations are viewed at the W T,250K
MQW interface with the Zn(S,Se) buffer layer.
The entire II-VI region below the MQW re-
mains as a pseudomorphic layer. Fig. 1 shows a
plan-view image of the Zn(S,Se)/GaAs interface. l 600 1200 160 MW

The dislocation density in the II-VI region was Cu,,o Do0 (&tm20
estimated at less than 105 cm-2; some samples i..olsop ,r, ptrd t
probably have densities below 10i cm-2 R& 2. Diode laser output power verss input current density

for a mesa device with uncoated facets. The threshold currentThe full widths at half maxima (FWHM) of this devic• 77 K corresponoed to a current of 160 mA,

(400) X-ray diffraction peaks obtained from the As room temperature is approached, heaung, predominandy
Zn(S,Se) layers with sulfur fractions between 7% at the top conact, creates thermal problems. Ejwq for the
and 80/ ranged between 16 and 55 arc sec. These heating at dose to room temperature, this device can be seen
values are consistent with the low dislocation to exhibit a To of about 190 r. The arrow indicates the

densities estimated from plan-view TEM imaging. tresh. d (ILA/cm2) at 295 K for a mesa device with coated
LED devices emitting in the blue (490 to 494 "."--

rim) at room temperature were prepared from
2 x 2 mm 2 pieces, which were contacted by a 500 system, pairwise Coulomb correlations (excitons)
jim diameter indium dot. Blue LED emission can be maintained even at room temperature
could be readily obtained from the devices after a [14]. For a typical LED device, the voltage ap-
sufficient initial voltage was applied, typically 12- plied across the entire device corresponding to
15 V, depending on the device. Due to the en- the highest light output power (P - 120 jxW) was
hancement of the exciton binding energy by 20 V; most of this voltage is probably needed to
quantum well confinement in this wide gap I-VI overcome the built-in contact barriers.

Laser emission from both the mesa and the
broad area devices was obtained under pulsed
and CW excitation. Continuous wave operation at
"77 K was obtained from a heat-sinked, Zn(S,Se)-

based device fabricated on a p-GaAs substrate,
with and without coated facets. Fig. 2 shows the
pulsed diode laser output power versus input
current density from 77 to 273 K for a Zn(S,Se)
mesa device with uncoated facets. The. threshold
"current density at T - 77 K was 400 X/cm, or

- '~* ~ 160 mA for the current of a typical device. At
room temperature (at wavelengths of 490 to 494
nm), the threshold current density increased to
"1500 A/cm2 (corresponding to 600 mA actual
current) for devices with uncoated facets. The
arrow indicates the threshold (1000 A/cm2) at

"F" 1. Plan-view ima of the interface between the GaM 295 K for a mesa device with coated facets.
epilayer and the Zn(S,Se) epilayer of a Zn(SSe)-based laser Various laser configurations have provided out-
htructure. The lower Zn(S,Se) epilayer is seen to be pseudo- put powers in excess of 700 unW for pulsed opera-

imorphic, ton at lower duty cycles. It is important to em-

I
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phasize that lasing was obtained for structures 141 K. Ohkawa, T. Karasawa and T. Miu Japan. J. A4pp

grown on both n- and p-type substrates. Further- Phys. 30 (1991) L152.
more, it should be noted that the 3M group has 151 M. Has , J. Oiu, 1.M. DePuydt and - COseng ApO.

Phys. Letters 59 (1991) 1273,
also demonstrated pulsed lasing at 300 K, and 16] H. Jeon, J. Ding, W. Patterson, A.V. NurWmikko, W. Xie,
CW lasing at cryogenic temperatures. D.C. Grillo, M. Kobtayashi and R.L Gunshot, Appl

Phys. Letters 59 (1991) 3619.
[7] H. Jcon, J. Ding, A.V. Nurmikko, W. Xie, D.C Orilo
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